In this paper, the performance of multicarrier direct sequence code division multiple access (MC-DS-CDMA) system equipped with a suppression filter is analyzed. A suppression filter is used in the MC-DS-CDMA receiver for suppressing narrowband interference (NBI) over a Rayleigh fading channel. The NBI is assumed to be multi binary phase shift keying narrow band (BPSK NB) signals which exist in all subcarriers of the MC-CDMA system. The effect of suppression filter coefficients, MC-DS-CDMA system parameters, and the NBI parameters on the performance of the system is studied. The analysis shows that, the suppression filter can improve the MC-CDMA system performance significantly, and then increases the MC-CDMA system capacity. It is shown that, increasing the number of taps to be more than nine taps increases the complexity of the filter and does not add any performance gain to the system. The system with a suppression filter has better performance than the system without a suppression filter at a range of values of the ratio of the offset of the interference carrier frequency existing in a subband to the half spread spectrum bandwidth of this subband, (q), which varies from zero up to a greater value of ( q ) at which using the suppression filter is useless. This value of q at which the system with and without a suppression filter have the same performance depends on the level of the signal to interference power ratio.
Introduction
In recent years, code division multiple access (CDMA) has become a technology of choice for wireless communication networks due to high security, high spectral efficiency and greater capacity. This multiple access method offers distinct advantages in suppressing interference and intentional jammers [1] . It is well known that the DSSS systems have inherent interference suppression capabilities. However, when the spreading gain is restricted and the interfering signal is very strong, the spreading gain cannot provide sufficient degree of interference suppression capability. To solve this problem, some signal processing techniques must be employed to further improve the system performance [2] . Under such circumstances, an effective NBI suppression scheme is required. NBI suppression before despreading in the receiver can improve the performance significantly. Many NBI suppression techniques in DSSS systems have been proposed in the previous research and are generally classified into three categories, which are time-domain methods, transform domain methods and multiuser detection (MUD) methods [3] . In [4] a linear suppression filter at a receiver of the single carrier DS-CDMA system is employed to reduce the NBI. In [5] , an adaptive linear prediction
In this paper we consider the NBI as multi BPSK NBI. Moreover, the average bit error probability of the MC-DS-CDMA system subjected to multi BPSK NBI and equipped with a suppression filter is derived. The effect of suppression filter coefficients, MC-DS-CDMA system parameters, and the NBI parameters on the performance of the system is studied.
The paper is organized as follows. In Section II, the system model is presented. In Section III, the performance of the MC-DS-CDMA system with the use of a suppression filter in presence of multi BPSK NBI is derived. Section IV the determination of the suppression filter coefficients is deduced. Section V provides the numerical results and the conclusions are given in Section VI.
System Model
The transmitter block diagram of the MC-DS-CDMA system of user k is shown in Figure 1 the bit and chip rates, respectively. After that, the spread signal modulates U different subcarriers. Finally, the U binary phase shift keying (BPSK) carrier-modulated signals are added together to form the transmitted signal. The transmitted signal of user k in the MC-DS-CDMA system can be expressed as [20] : T is the chip duration. When the spacing frequencies are usually chosen to be orthogonal to each other after spreading. Therefore, the minimum between two adjacent subcarriers is assumed to be c T 2 , there exists no spectral overlap between the spectral main-lobes of two adjacent subcarriers [16] . In this case, the total spreading bandwidth of the MC-DS-CDMA system The receiver block diagram of the MC-DS-CDMA system is shown in Figure 2 . In the MC-DS-CDMA system, frequency diversity is achieved by combining the outputs of U branches. The received signal enters the suppression filter, which is shown in Figure 3 , whose impulse response is ( )
, the filter is a single-sided suppression filter. The suppression filter uses the past and / or future values of the received signal to predict NBI current value, and then subtracts the predicted value from the received signal current (actual) value. The suppression filter will be discussed in details in section IV. Assuming perfect channel estimation, the output of the transversal filter f k r , is multiplied in each branch by the conjugate of the fading channel gain * i k g , then passing through a DS despreader, and a PSK demodulator. Then, the outputs of all branches are combined and the real part of the combined output k X is compared to a zero threshold to make a decision about the data bit of user k.
System Performance
In this section, the theoretical performance of the MC-DS-CDMA system with a suppression filter in presence of multi BPSK NBI is derived. The multi BPSK NBI is assumed to have a total power W J distributed over U equal power BPSK NBI. ). An important quantity is the ratio of the interference bandwidth in each subband to the spread spectrum system bandwidth in that subband 
is a sample function of a stationary zero mean complex Gaussian process, independent of signal and with power spectral density (psd) 
The output of the correlator of branch i of the k-th user corresponding to the 0th data bit can be expressed as
By substituting ( 7 ) 
The internal interference term, due to the reference user, which is caused by the taps of the suppression filter excluding the zero tap can be safely ignored [5] , and since different carriers are orthogonal, the integral in the first and second term of (9) 
The above expression can be reduced to
where the terms on the right hand side of (11) are described below.
The first term, i k D , , represents the desired signal of the reference user at the zeroth tap of the suppression filter and is given by
is the transmitted zeroth data bit. The useful signal power given
The second term j k I , is the multiple access interference ( MAI ) term due to the jth user ( ) I , corresponding to the ith subcarrier is identical to that one deduced in [5] , which was for single carrier, and it is given by
The third term, i k n , , is the noise component at the ith correlator output of the kth user and it is given by ( )
and it is shown in the appendix that, the variance of the noise component,
is given by
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The fourth term, i k J , , is the NBI component at the ith correlator output of the kth user and it is given by
The variance of Ahmed E. EL-Mahdy, et al. . Therefore, the variance of the narrowband interference is given by
The above expression can be reduced to 
where t γ has a chi-square distribution given by [23] ( ) ( ) ( ) Recall that, our goal is to evaluate the performance of the system in terms of average BEP. For this purpose the conditional BEP in (30) has to be statistically averaged over the random parameter t γ . The average BEP is given by 
Determination of the Suppression Filter Coefficients
The employed suppression filter is a two sided transversal filter shown in Figure 3 . This filter attempts to produce an estimate of the NBI, k J )
, and then subtracts this estimate from the received signal, 
Noting that the autocorrelation function The low pass version of the autocorrelation of the multi NB-BPSK interference is given by 
Since the values of the coefficients in the two sides are identical, so Table 1 only indicates the values of one side. Then using the deduced values of the coefficients in Table 1 , we can obtain the average probability of error and analyze the effect of the values of these coefficients in the performance of the proposed system.
Numerical Results and Discussions
In this section, using the above analytical results, we provide some representative numerical curves illustrating the average bit error probability of the MC-DS-CDMA system with a suppression filter in the presence of multi BPSK NBI. Unless stated otherwise, it is assumed that the ratio of the offset of the interference carrier frequencies to the half spread spectrum bandwidth, q , is equal to zero in each subband, that is, the subcarriers frequencies of the MC-DS-CDMA and multi NB-BPSK interference are identical ( i.e.
= Δ
). Figure 4 shows the performance comparison of the system with a double-sided suppression filter and without a suppression filter as a function of the signal-to noise ratio. Also, the effect of the number of subcarriers U on the system performance with and without a suppression filter is illustrated in the presence of multi NB-BPSK interference. In this figure the results are obtained for 10 active users, 63 chips per bit, the ratio (P) of the interference BW to the spread spectrum BW equals 0.1, and 5 dB signal-to-interference power ratio. It is assumed that the two-sided filter has three taps and is symmetric (i.e., . It is shown that the average probability of error of the system without the suppression filter decreases greatly as and at the same number of taps because the former uses the autocorrelation function of the NB-BPSK interference more efficiently than does the latter.
In Figure 6 the BER of the system with and without the suppression filter is shown as a function of the ratio (P) of the interference bandwidth to the spread spectrum bandwidth. It is seen from the figure that the system with a double sided filter can suppress the narrowband interference very well when (P) is small, but is ineffective in suppressing the interference when (P) is large. For P = 1, the performance is the same for the system with and without a suppression filter.
In Figure 7 the BER of the MC-DS-CDMA system with a double-sided suppression filter is plotted as a function of active users ( K ) and for different values of
. It is seen that, for a given average BER, the system with a double sided suppression filter can support many more users than can the system without a suppression filter, especially when . It is seen that the performance of the system without a suppression filter ( M = 0) is enhanced with increasing the ratio ( q ). Furthermore, It is shown that at small values of ( q ) the performance of the system with a suppression filter outperforms the system without a suppression filter. Whereas at large values of ( q ) the system with and without a suppression filter have the same performance. And this large value of ( q ), at which using a suppression filter is useless, depends on the value of the signal to interference power ratio. For example, at = -5 dB. It is seen that the performance of the system without a suppression filter ( M = 0) is enhanced with increasing the ratio ( q ), whereas the performance of the system with a suppression filter depends on the value of ( q ) with different manners. It is seen that when q is very small, the average BER of the system with a suppression filter for ≥ M 1 are almost identical. However, the performance improves as M increases, to more than one and less than four, when q increases. It is also shown that increasing the number of taps to be Employing A Suppression Filter for MC-DS-CDMA Overlay more than four taps in each side increases the complexity of the filter and does not add any performance gain to the system either for small or large values of the ratio ( q ). From another hand when q is very large (i.e., ≥ q 0.85) the system with and without a suppression filter have the same performance.
Conclusions
In this paper, performance expressions have been obtained for a MC-DS-CDMA system operating over a Rayleigh fading channel, employing a suppression filter, and under the effect of modulated NB interference. It has been shown that, the MC-DS-CDMA system equipped with a suppression filter has a superior performance than the system without a suppression filter and consequently the system with a suppression filter can support more users. The performance of the MC-DS-CDMA system can be improved by increasing the number of subcarriers U, and this improvement is significant when a suppression filter is employed with the system. In addition, the double sided suppression filter outperforms the single sided suppression filter for the same number of total taps. It has been shown that the double sided suppression filter with nine total taps is sufficient to mitigate the multi BPSK NBI and increasing the number of total taps beyond nine is not necessary. The system with and without a suppression filter have the same performance at certain value of the ratio q, and this value of q varies according to the changes in the level of the signal to interference power ratio.
APPENDIX
Derivative of the variance of the noise component termThe third term, 
